Background and Purpose: Treatment outcomes vary greatly in patients with nasopharyngeal carcinoma (NPC). The purpose of this study is to evaluate the influence of radiation and chemotherapy drug action pathway gene polymorphisms on the survival of patients with locoregionally advanced NPC treated with cisplatin-and fluorouracilbased chemoradiotherapy.
Introduction
Prevalent in the south of China, nasopharyngeal carcinoma (NPC) has an ethnic and geographic distribution pattern that is distinctive from other head and neck cancers [1, 2] . NPC is highly responsive to radiotherapy and systemic chemotherapy. Based on the results from several large prospective clinical trials using cisplatin-and fluorouracil (5-FU)-based chemoradiotherapy (CRT) [3] [4] [5] , the combined treatment has become the standard regimen for locoregionally advanced NPC. However, even with this multimodal approach, approximately 30% of patients experience treatment failure within 5 years [4] , and treatment outcomes vary widely, even among patients of the same clinical stage. Therefore, prospectively identifying patients who will have better or worse outcomes after CRT would aid in designing appropriate treatment strategies, highlighting the need for improved predictive markers.
The expression and activity levels of the critical enzymes related to radiation and chemotherapy drug response could affect treatment outcomes. Nucleotide excision repair (NER) and base excision repair (BER) are two important mechanisms involved in the repair of non-specific DNA damage induced by radiation and chemotherapy. The major enzymes involved are ERCC1, ERCC2 (NER), and XRCC1, hOGG1, APEX1, ADPRT (BER). Common genetic variations of above genes have been widely studied in the prognosis and susceptibility of various cancers [6] [7] [8] . For example, polymorphisms of the XRCC1 gene, such as rs25487 (Arg399Gln), are capable of altering the phenotype of the XRCC1 protein, thus causing a deficiency in DNA repair [9] that is significantly related to patient survival [6] .
Drug metabolism and transportation are important in the response of chemotherapy. MTHFR is a key enzyme in the folate metabolism pathway that regulates the intracellular folate pool for the synthesis and methylation of DNA [10] . High level of pre-treatment MTHFR expression was correlated with favorable response to fluorouracil-based chemotherapy [11] . GSTP1 is a primary enzyme responsible for the detoxification of platinum agents. It has been demonstrated to be a predictive marker of overall survival (OS) in cancer patients treated with cisplatin-based chemotherapy [12] . The ABCB1 gene which was also known as MDR1 gene encodes the multi-drug efflux pump P-glycoprotein (P-gp) which is involved in the transport of a wide range of anti-cancer drugs including cisplatin and fluorouracil [13] . The increase expression of ABCB1 was related with multidrug resistance and a poor response to chemotherapy for increased drugs efflux pathways [14] . Polymorphisms of these genes such as MTHFR rs1801131, GSTP1 rs1138272 and ABCB1 rs1045642 were associated with treatment outcomes in patients receiving chemotherapy using 5-Fu and cisplatin [6] .
VEGF, as a critical angiogenic factor, plays an important role in cell growth and survival of endothelial cells and tumor cells. Moreover, VEGF production is a potential predictive marker for chemotherapy. It was significantly higher in cisplatin-resistant cancer cells than that in cisplatin-sensitive parental cells [15] . Genetic variation of VEGF was reported to be related with clinical outcome of patients treated with platinum-based chemotherapy [16] . The FGF-FGFR family also plays a critical role in cancer development because of its action in angiogenesis [17] . It has been demonstrated that FGFR4 polymorphism is related with resistance to adjuvant therapy in primary breast cancer [18] .
P53 plays an important role in cellular processes including cell-cycle arrest, DNA repair, and apoptotic cell death in response to cellular stress including chemotherapy [19] . MDM2 is a major negative regulator of p53. It directly binds to and inhibits p53 by regulating its location, stability, and activity as a transcriptional activator [20] . Previous study showed that MDM2 polymorphism (rs2279744) located in the first intron of the MDM2 promoter was an independent prognostic factor for cancer patients [21] .
MPO is released by neutrophils and macrophages. It is a major enzyme involved in generating highly cytotoxic hypochlorous acid and other reactive oxygen species (ROS) [22] , which result in oxidative stress-mediated apoptosis [23] . MPO is also extremely important in drug metabolism. With the ability to oxidize a wide variety of compounds and a broad range of functional groups [24] , MPO may enhance the effect of chemotherapy. Functional polymorphism which influences the expression of MPO could impact on survival in patients receiving chemotherapy [25] .
Because CRTs exert their effects through multistep, multigenic cascades, it is unlikely that any single SNP would have such a dramatic effect that it could serve as a sole predictive marker for response [6] . Therefore, in the current study, we use a pathway approach to investigate the impact of genetic variations in radiation and chemotherapy drug action pathway genes on the survival of patients with locoregionally advanced NPC treated with standard CRT. A comprehensive panel of 18 SNPs in 13 major genes involved in NER, BER, drug metabolism, drug disposition, oxidative stress reaction, the p53 pathway, FGFR4 and VEGF were selected. We analyzed the association of each polymorphism with patient OS and progression-free survival (PFS) individually; then, according to multivariate analysis results, we built prognostic score models (PSMs) with genotypes and clinical characteristics to define different prognostic risk groups. Furthermore, the interaction between polymorphisms was also investigated.
Materials and Methods

Ethic statement
This study was approved by the independent Institute Research Ethics Committee at the Sun Yat-sen University Cancer Center (SYSUCC, Guangzhou, P. R. China), and written consents were obtained from all participants.
staging system] histological confirmed NPC. Other eligibility criteria included an age of 18 to 65 years, Han Chinese ethnicity, an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1, WHO type II or III NPC, and treatment with concurrent CRT using cisplatin with or without sequential chemotherapy (induction or adjuvant). Patients who had other concomitant malignant diseases or who were previously treated with radiotherapy or chemotherapy were excluded.
Treatment and follow-up
All patients were prospectively included in a disease-specific database. The pretreatment evaluation included a complete physical examination, magnetic resonance imaging (MRI) of the nasopharynx and neck region, fiber optic nasopharyngoscopy, chest X-ray, abdominal ultrasound, bone scan by emission computed tomography, complete blood count and liver and renal biochemistries.
All patients received definitive radiotherapy with 6-MV photons. Uniform radiotherapy protocols for conventional twodimensional radiotherapy (2D-CRT) and intensity-modulated radiotherapy (IMRT) at the SYSUCC were followed as previously described [26, 27] Patients were assessed at the completion of treatment, at least once every three months over the first three years and at least once every six months thereafter. The patient evaluation included a clinical examination, nasopharyngeal endoscopy, MRI of the nasopharynx and neck area, chest X-ray and abdominal ultrasound. Follow-up ended on September 12, 2012, with a median follow-up time of 62.0 (range from 5 to 125) months (Table 1) . During the follow-up period, 116 (27.6%) and 136 (32.3%) patients died or experienced disease progression, respectively. Five-year OS and PFS rates for the entire patient cohort were 74.3% and 67.8%, respectively.
DNA extraction and genotyping
Blood for genotyping was prospectively collected at the time of enrollment. All sample collection and storage procedures were standardized. Genomic DNA was extracted from lymphocytes using the QIAamp DNA Blood Midi Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol.
The genes involved in drug action pathways were identified using the Pharmacogenomics Knowledge Base (http:// www.pharmgkb.org/). The genes involved in radiation response pathways were identified by a search of the published literature. SNPs with a minor allele frequency of 0.05 or more in Asian populations were included for evaluation. Overall, we selected 18 SNPs from 13 major genes ( of the SNPs was performed by the Shanghai BioWing Applied Biotechnology Company (BioWing, Shanghai, China) using the ligase detection reaction-polymerase chain reaction (LDR-PCR) technique [28, 29] . To validate the genotyping results, 10% of the samples were randomly selected for genotyping by a second investigator; the agreement rate was 100%.
Statistical analysis
The primary endpoint for this study was OS, defined as the time from the date of enrollment to the date of the last follow-up visit or death from any cause. The second endpoint was PFS, calculated from the date of enrollment to the date of the first failure at any site, death from any cause or last follow-up visit.
Clinicopathological characteristics were dichotomized as follows: age (≤45 y vs. >45 y), gender (male vs. female), histology (WHO type II vs. III), T stage (T1-2 vs. T3-4), N stage (N0-1 vs. N2-3), clinical stage (III vs. IVa-b), and plasma Epstein-Barr virus (EBV) DNA level (<4000 copies/ml vs. ≥4000 copies/ml). Associations of the genotypes with clinicopathological characteristics were evaluated by χ 2 or Fisher's exact tests. The Hardy-Weinberg equilibrium was determined for each SNP using a goodness-of-fit χ 2 test. The impact of the polymorphisms on OS and PFS were examined using the Cox proportional hazard model with the calculation of hazard ratios (HRs) and 95% confidence intervals (CIs). To account for multiple comparisons in the SNP-based analysis, Q values set at 0.20 were computed using model-free test (two degrees of freedom) P values to quantify the probability that a P value may be a false positive [30] , accepting a false discovery rate (FDR) of 20%. The survival end points were analyzed and estimated using the Kaplan-Meier method. The significance of the differences among survival curves was compared using the log-rank test. Multivariate analyses using the Cox proportional hazard model were used to detect independent prognostic factors, including genotypes and clinicopathological characteristics. The regression coefficient ("n" in the Cox regression equation HR=e n ) of each independent prognostic factor was then transformed into an integral number to build a PSM [31] . We evaluated the predictive value of the PSMs and clinical stage by receiver operating characteristic (ROC) curve analysis [32] . The areas under curves (AUC) were compared between PSMs and overall stage.
To detect potential interactions among polymorphisms, the multifactor dimensionality reduction (MDR) analysis was performed (MDR software v3.0.2; available on http:// sourceforge.net/projects/mdr/). The non-parametric MDR method is described in detail elsewhere [33, 34] . Patients with missing data for polymorphisms were excluded from the analysis. We assumed that patients with beneficial or unfavorable genetic profiles have a survival much longer or shorter than the median. Therefore, we chose patients in the top and bottom quartiles of survival (OS and PFS, respectively) in the gene-gene interaction analysis to increase discriminating power [35, 36] . In the interaction analysis, the ratio between patients in the top and bottom survival quartile for each genotype combination was evaluated. Combinations with more patients in top quartile than in the bottom quartile were considered high chance of favorable survival and vice versa. This procedure was carried out across 10-fold cross-validation samples to avoid over-fitting and was repeated for all possible combinations of two to four polymorphisms. The best combination was considered, if it had minimal prediction error and maximal cross-validation consistency (CVC). Statistical significance was further evaluated by a 1000-time permutation test to compare observed testing accuracies with those expected under the null hypothesis of no association (MDR permutation test module v1.0 beta 2; available on http:// sourceforge.net/projects/mdr/files/mdrpt/).
All statistical tests were two-sided, and a P value of less than 0.05 was required for statistical significance. All the statistical analyses except those specifically mentioned were performed using SPSS 16.0 software (SPSS Inc., Chicago, IL).
Results
Patient characteristics and distribution of genotypes
Patient characteristics are presented in Table 1 . For each SNP, two to seven samples could not be genotyped (98.1-99.5% call rate). Because only the C allele was detected for rs1138272 in our patient cohort, it was excluded from the analysis. Except for rs3212986 (P<0.001), rs1799793 (P=0.009), rs2032582 (P=0.020), rs2279744 (P=0.021) and rs833061 (P=0.021), all SNPs were tested at the HardyWeinberg equilibrium (P>0.05). Table S1 displays the associations between genotypes and clinicopathological characteristics. The distributions of XRCC1 rs25478 and MTHFR rs1801133 were not in equilibration at overall stage (P =0.018) and EBV DNA level (P =0.043), respectively. For rs25478, genotype GG was significantly more frequently observed in patients with stage III (59.2%) vs. stage IV disease (47.7%). The rs1801133 genotype CC was more frequently observed in patients with high level of plasma EBV DNA than in patients with low EBV DNA (51.9% vs. 39.5%, respectively). Table 2 illustrates the associations between polymorphisms and survival in locoregionally advanced NPC patients.
Polymorphisms and clinicopathological characteristics
Polymorphisms and survival
MPO rs2243828 and MDM2 rs2279744 SNPs were significantly associated with patient OS (model-free test, P<0.001, Figure 1A and P=0.036, Figure 1B , respectively, Table 2 ). Patients with a variant C allele (CT/CC) at rs2243828 and a variant G allele at rs2279744 (GT/GG) had significantly increased death risks relative to those patients with the wildtype genotype (rs2243828: HR=2.561, 95% CI, 1.776-3.713, P<0.001, Figure 1C ; rs2279744: HR=1.778, 95% CI, 1.074-2.943, P=0.025, Figure 1D ).
We found that the ERCC1 rs3212986, MDM2 rs2279744, MPO rs2243828 and ABCB1 rs2032582 SNPs were significantly associated with patient PFS (model-free test, P=0.023 and Figure 2A Figure 2B ). Patients with the MDM2 rs2279744 (SNP209TG) genotype GT/GG had a 1.8-fold greater progression risk than those patients with the TT genotype (HR=1.899, 95% CI, 1.192-3.026, P=0.007, Figure 2D ). Compared to carriers of the MPO rs2243828 (T-764C) TT genotype, the 5-year PFS rate was significantly lower for CT/CC carriers (HR=3.226, 95% CI, 2.302-4.521, P<0.001, Figure 2F ). Patients with the ABCB1 rs2032582 AT/AA genotype had significantly increased progression risk relative to patients with other genotypes (GG/GT/TT/AG vs. AT/AA, HR=2.132, 95% CI, 1.176-3.863, P=0.013, Figure 2H ). negative independent factors for OS (Table 3 ). This analysis also indicated that EBV DNA≥4000 copies/ml (HR=1. (Table 3) .
Multivariate analysis
Prognostic score models
To build systemic PSMs for OS and PFS, an integral score was derived from the regression coefficients of each independent prognostic factor. If the factor was absent, a score of zero was recorded. If the factor was present, a score of 1 to 3 was recorded according to the n value ( Table 4 ). The maximum scores for OS and PFS were 5 and 8, respectively. The overall score of the PSM for each patient was calculated as the total of the scores of each independent factor. All patients were then categorized into three groups according to cut-off points at the 25 th and 75 th percentiles of the score distribution as follows: low-risk group (total score 0-1 for OS, 0-2 for PFS), intermediate-risk group (total score 2-3 for OS, 3-4 for PFS) and high-risk group (total score 4-5 for OS, 5-8 for PFS). For OS, 235, 102 and 84 patients were in the low-, intermediate-and high-risk groups, respectively, with 5-year OS rates of 88.0%, 71.8% and 37.2%, respectively (P<0.001, Figure 3A ). Referring to PFS, 176, 193 and 52 patients were in the low-, intermediate-and high-risk groups, respectively, and the 5-year PFS rates were 81.8%, 58.9% and 40.4%, respectively (P<0.001, Figure 3B) . Figures 4A and 4B show the 
Multifactor dimensionality reduction analysis
We further performed the MDR analysis to evaluate potential interactions between polymorphisms. As shown in Table 5 , the overall best MDR model was the one factor model using MPO rs2243828, which had a maximum CVC (10/10 for both OS and PFS) and minimum prediction error (43% for OS and 36% for PFS). Moreover, no potential interactions were found between investigated polymorphisms in this study (permutation test P>0.05 for the best two to four polymorphisms combinations).
Discussion
In this study, we used a pathway approach to systematically investigate the associations between the genotypes of 18 SNPs in 13 major genes from radiation and chemotherapy response pathways and survival in patients with locoregionally advanced NPC treated with standard CRT. Following adjustment for clinicopathological characteristics, we found that the MPO rs2243828 SNP was independently significant associated with OS and PFS and that the ERCC1 rs3212986, MDM2 rs2279744, and ABCB1 rs2032582 SNPs were independently significant associated with PFS. Moreover, we performed MDR analysis and found no significant interaction between polymorphisms. We believe our results to be biologically plausible for the following evidences.
As mentioned above, MPO could oxidize a wide variety of compounds and a broad range of functional groups [24] , then enhance the effect of chemotherapy. MPO rs2243828 (T-764C) is a functional promoter polymorphism that is linked with rs2333227 (G-463A) [6] . The wild-type alleles (T and G) are associated with higher expression levels of MPO [37, 38] . Previous studies have found that low-activity MPO genotypes are associated with poor survival in esophageal and breast cancer patients treated with chemotherapy [6, 25] . We also showed that patients with a variant allele had approximately 2.5-fold greater death risks and 3.2-fold greater progression risks than wild-type homozygous patients. To the best of our knowledge, this is the first study focusing on the relationship between the polymorphisms of MPO and NPC prognosis.
However, some studies have found that the variant allele has a protective effect against cancer [39, 40] . We hypothesize that this contradictory finding is a result of the variations in ROS activity during the different phases of cancer. In the early High expression of MDM2 has been detected in several cancers and is related to decreased response to treatment and poor prognosis [41] . MDM2 rs2279744 (SNP309 T>G) is located in the first intron of the MDM2 promoter and therefore has the potential to influence the expression of MDM2. Previous studies have shown that cells carrying the GG genotype have an increased binding affinity for the transcriptional activator Sp1, which subsequently results in higher expression levels of MDM2 mRNA and protein and elicits a decreased response to DNA-damaging agents [42] . Several studies have also demonstrated that the GG genotype in patients correlates with poor survival [21] . Liu et al found that MDM2 T309G (rs2279744) genotypes were not related with OS and PFS in patients with advanced non-small cell lung cancer (NSCLC) treated with platinum-based chemotherapy, however, the combined analysis showed that significant shorter survival was in patients with the p53 Pro/Pro and MDM2 GG genotype [43] . With respect to NPC, rs2279744 is associated with the risk of developing the disease [44] ; however, no studies have focused on the clinical outcome of NPC related to this SNP. In the present study, we found that patients with the variant allele G had significant lower PFS than those patients with the wildtype homozygote. This association between genotypes and PFS could be explained by the attenuated activity of p53; this attenuation is related to the poor chemo/radio-sensitivity of the tumor [45, 46] .
The NER pathway is important in the repair of the DNA adducts which were typically caused by cytotoxic drugs such as cisplatin. ERCC1 is a major component of the NER complex and is the rate-limiting enzyme in the pathway. Previous studies have found that over expression of ERCC1 is associated with resistance to cisplatin-based chemotherapy in various cancers [47] , including NPC [48] . A common polymorphism of the ERCC1 gene, rs3212986 (C8092A) is located in the 3' untranslated region and therefore may affect mRNA stability and result in a decreased expression level [49] . However, the association of the rs3212986 genotypes and cancer prognosis has been inconsistent. In the present study, we found that patients with the wild-type homozygous allele had significantly lower PFS rates than did those patients with CA/AA genotypes. Our result is consistent with study using cisplatin-based treatment for gastric cancers [50] . However, other studies have reported the opposite results in NSCLC and ovarian cancer patients who were treated with platinum-based chemotherapy [51, 52] . These contradictory results may be ascribed to differences in patient populations, tumor characteristics or treatment combinations. Altough ERCC2 is another major component of NER, we did not find any association between ERCC2 genotypes and survival in NPC patients. A previous study also found ERCC2 polymorphism was not related with survival in NSCLC patients receiving platinum-based chemotherapy [53] . The ABCB1 is closely related to clinical multidrug resistance. The mechanism has multiple aspects, including reduced drug accumulation, altered drug metabolism, increased tolerance of cellular damage and diminished apoptotic signaling [54] . The rs2032582 (G>T/A) SNP is located in exon 21 of the ABCB1 gene and generates an amino acid change from Ala to Thr/Ser. This SNP is often at linkage disequilibrium with another SNP at exon 26, rs1045642 (3435 C/T) [55] . The phenotypes of both rs2032582 and rs1045642 are associated with the clinical outcomes of several cancers [56, 57] . In the present study, we did not find any correlation between the rs1045642 genotypes and patient survival but did find that patients harboring the rs2032582 AT/AA genotypes had 2.13-fold greater progression risks than other genotypes. Although the exact biological reason is unclear, the change in activity of P-gp may account for the change in chemotherapy sensitivity.
Additionally, we found that the XRCC1 rs25478 and MTHFR rs1801133 genotypes were correlated with clinical stage and EBV DNA level, respectively. As mentioned above, XRCC1 is a key protein that is directly involved in the repair of DNA base damage, and the Arg399Gln amino acid variant may alter the phenotype of the XRCC1 protein, causing deficient DNA repair [9] . XRCC1 Arg399Gln was reported to be associated with susceptibility and prognosis of various cancers [6, 8] .The rs1801133 (C667T) variant is a common polymorphism of the MTHFR gene that leads to an amino acid substitution and decreased enzyme activity [58] . A previous study showed that patients with the variant allele CT/TT have improved survival compared with patients with the CC allele [59] . However, the reasons for the association of these two SNPs with the identified NPC characteristics are still unclear and require intensive investigation.
Liu et al performed a multi-loci analysis in NSCLC patients and they found that interactions among XRCC1 Arg194Trp, XPC PAT, FAS G-1377A, and FASL T-844C were associated with sensitivity to platinum-based chemotherapy [60] . However, the overall best MDR model was the one factor model using MPO rs2243828 and permutation test P values for the best two to four polymorphisms combinations were over 0.05 in the present study, revealing no significant interactions among polymorphisms.
PSMs were built for OS and PFS containing the significant SNPs described above. These PSMs categorized patients into three risk groups according to their prognosis and demonstrated certain value in predicting survival.
There are some limitations to this study, however. First, as with any study of modest size, this study may lack a degree of generalizability. Second, 18 SNPs were examined in our study, which could lead to false results due to multiple comparisons; to address this concern, we used a Q value to maintain the FDR under 20%. Finally, our results require validation with a large patient cohort prior to clinical application. Therefore, an additional prospective multicenter study should be conducted to further validate our results within the NPC patient population.
In conclusion, this study used a pathway approach to demonstrate that genetic variations within MPO, MDM2, ERCC1 and ABCB1 were associated with survival in patients with locoregionally advanced NPC treated with cisplatin-and 5-FU-based CRT. Furthermore, our PSMs demonstrated that genetic polymorphisms in combination with clinical prognostic factors showed certain value in identifying patients from different risk groups. With prospective validation, our results have the potential to provide valuable information for individualized treatment. 
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